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Abstract—Repeat remote sensing field campaigns at experimen-
tal sites result in a valuable set of remote sensing data resources,
geographic information system data sets, digitized maps, and
tabular data that are tied to specific locations. Archiving and
distributing these geospatial data generally become the responsi-
bility of local universities and federal research centers with few
resources dedicated to the task. The developments in archiving and
distributing geospatial data are presented through the descrip-
tion and discussion of three interconnected case studies of data
preservation at government and academic units in southeastern
Arizona. The main challenges were associated with data archiving,
developing online data distribution systems, interconnecting the
data distribution systems, and sustaining the archiving and distri-
bution systems. The case studies present multiple approaches to
meeting these challenges within the constraints of government and
academic units. Results should guide other local efforts to archive
and preserve long-term geospatial data and distribute them online.

Index Terms—Archiving, geographic information systems
(GISs), geospatial data, Landsat, long term, online distribution,
precipitation, runoff, temperature.

1. INTRODUCTION

VER the past few decades, groups of scientists have

come together in multiple field campaigns to study the
optical and microwave remote sensing of hydrological and
ecological processes. Such efforts are generally focused on
local experimental sites that provide a basic foundation for
long-term measurements and are enhanced with intensive short-
term data acquisition during satellite overpasses. The results
are a comprehensive set of remote sensing data resources, geo-
graphic information systems (GISs) data sets, digitized maps,
and tabular data that are tied to specific locations (termed
geospatial data by Morris and Tuttle [43]). These data are
particularly valuable because they offer spatial scales rang-
ing from point-based measurements to regional coverage and
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temporal scales ranging from instantaneous images to short-
term image-coincident data to long-term continuous measure-
ments. These place-based geospatial data sets have exceptional
research potential for understanding and predicting ecosystem
dynamics [40].

There is a movement by government and academic insti-
tutions to encourage archiving and distribution of long-term
geospatial data! for the benefit of both local scientists and the
larger international body of students and researchers [3]. This
movement is driven by the desire to make data available for
research and development and the fear that irreplaceable geo-
science data sets may soon be lost. Nonetheless, the archiving
and distribution of data from these field campaigns generally
fall to local units, such as university departments or federal
research centers, with only minimal funding for data archiving
and distribution and no dedicated technical support. As a result,
these units face a number of common challenges associated
with archiving long-term interconnected geospatial data.

The first challenge facing these local units is to archive the
data in an electronic digital format that is in a safe location with
sufficient standardized metadata to ensure proper application
now and in the future. This generally requires a substantial
investment of unit resources and is associated with some imme-
diacy to avoid loss of data and institutional memory. Difficult
decisions must be made with unit-wide input to select the data
and determine the procedures for the archival process. The next
challenge is to provide full and open access to these data with an
online distribution system. This is particularly difficult because
geospatial data sets are commonly archived on different media
housed at different sites with a variety of sharing restrictions,
protocols, and metadata. Again, the unit must institute a formal
planning process to determine which data will be distributed
and to design the distribution database and online interface.
The third challenge is to integrate the diverse but related data
sets by interconnecting the online data distribution systems.
This requires a broad community effort crossing federal and
university boundaries and leveraging unit resources for a com-
mon goal. That goal is to provide the maximum access to all
data across units and disciplines to the largest possible group
of users, thus facilitating more complex quantitative analyses
of ecosystem dynamics. The fourth challenge is to plan for
sustainability of the data archiving and distribution systems,
taking into account the uncertain futures of technology, data
applications, and unit resources. The sustainability of the data
archiving and distribution system ensures the continuity of the

In this case, long term refers to “data collected for 20 years or more at a
temporal frequency suitable to monitor natural processes” [40].
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long-term geospatial data, which, in turn, directly defines the
value of the data. This is an important concept that cannot be
overstated.

The approaches for addressing these challenges are of in-
terest to government and academic units around the world
facing the daunting task of archiving and distributing long-term
interconnected geospatial data. This paper presents three case
studies describing unit efforts to archive and distribute geospa-
tial data over a multidecadal period for a specific location. The
location is the desert grass and shrub biome in southeastern
Arizona encompassing the data-rich experimental sites of The
University of Arizona (UA) Santa Rita Experimental Range
[(SRER); established in 1902] and the U.S. Department of
Agriculture (USDA) Walnut Gulch Experimental Watershed
[(WGEW); established in 1953]. The archived data include
hundreds of images from satellite and high-altitude aircraft
sensors acquired over the past 35 years and extensive GIS data
sets and digitized maps which are largely available through
the Arizona Regional Image Archive [(ARIA); established in
1997]. Coincident with these images and maps are hundreds
of measurements of surface reflectance and temperature, soil
moisture, vegetation density, cover and leaf area index, and
surface roughness, as well as the atmospheric measurements
of optical depth and water vapor content. Continuous records
of precipitation, runoff, and meteorological conditions over the
past 86 years are also available at select sites throughout SRER
and WGEW. These case studies are distinguished by the dif-
ferent approaches taken by government and academic units for
data archiving and distribution and the cross-unit cooperation
required for system interconnection and sustainability.

The overall goal of this paper is therefore to present de-
velopments in archiving and distributing long-term geospatial
data at local scale. A review of the government and academic
responses to the expressed need for data preservation provides
a context for the actions taken by the local units. The three
case studies offer approaches to the four main challenges to
data preservation at the local scale—archiving, distribution,
interconnection, and sustainability—that should guide other
ongoing efforts to make long-term geospatial data available for
future use.

II. BACKGROUND

A new digital divide, or rather chasm, is opening up
in the scientific enterprise, and something urgently needs
to be done to prevent data from being lost into oblivion.

([57D.

A. Government Response

There is growing concern from a number of sectors about
the maintenance, long-term preservation, and dissemination of
research data [3], [6], [8], [16], [50], [52]. As early as 1982, an
international group was formed as the Consultative Committee
for Space Data Systems (CCSDSs) to develop standards for
long-term digital data handling and storage in support of space
research. Working with the International Standards Organiza-
tion (ISO), the CCSDS released the Open Archival Information

System (OAIS) as a draft recommendation in 1999. The OAIS
involves identifying digital data, describing them with enough
information to adequately preserve them as a unique and au-
thentic entity (metadata’), binding that information together
into an identifiable package, and facilitating access to the
package through search and retrieval tools. It also provides a
model for the submission of a package from the information
producer to a secure archive and a distribution process from
the archive to the information consumer [33]. Subsequently, a
2002 report assessed four preservation metadata schemes and
proposed a framework for standardizing the process for a broad
range of preservation projects [50]. However, in spite of these
efforts, different processes continue to be utilized in various
preservation efforts, including such large-scale digitization ini-
tiatives as Google Books and Microsoft Live Books [52].

Demands to preserve scientific data in a digital format have
occurred coincident with the movement to establishing stan-
dards for preservation metadata. For example, a memorandum
from the U.S. Geological Survey Water Resources Division
(WRD) amended existing policy to require that unaltered field
data be preserved in electronic format.

It is WRD policy that original hydrologic time-series
data field-recorded in digital formats and used in automatic
digital computation of hydrologic records be preserved in-
definitely in electronic digital format. Use of the electronic
digital format is required for efficiency in data storage
and retrieval and to ensure that the data will be usable
for computation if needed in the future. This policy is
effective immediately and applies retroactively to all of
water year 1999 and prior years to the extent that the
necessary electronic digital data files are available for
archiving. . .[The purpose is] to ensure no loss of archived
data as a result of deterioration of media, obsolescence
of hardware or software, or other factors. The procedures
should include regular retrieval and checking of data from
archive media and copying to fresh media as required.
([55], pp. 1 and 3).

Similarly, the NASA Planetary Data System noted issues
raised by the increasing size of data sets, the need for greater
storage capacity, and a means to access data across multiple
platforms, particularly online [2]. The Geological Society of
America, too, has recognized the fundamental importance of
having policies in place that support good practice in pre-
serving and making accessible often irreplaceable geoscience
samples and data sets. “Many of these collections, including
those housed by federal and state agencies, universities, mu-
seums, private companies, and individuals are at risk because
of severely limited space and funding for proper curation.”
([54], p. 1). Furthermore, a Department of Energy 2002 report
on long-term spatial data preservation concludes with the state-
ment that the resolution of this issue will require a combination
of technological, management, and policy decisions while at the
same time recognizing the following.

The cost and complexities of moving digital informa-
tion forward into the future raise our greatest fear about

2“Data about data” or here used as records providing data about a data object.
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the life of information in the digital future: namely, that

owners or custodians who can no longer bear the expense

and difficulty will deliberately or inadvertently, through a

simple failure to act, destroy the objects without regard to

future use ([3], p. 12).

Throughout this period, a number of related reports from the
National Academies were published, documenting the potential
and real loss of intellectual memory through technological
obsolescence and inadequate information handling practices.
Moreover, addressed were the difficulties that scientists face
when addressing these goals without adequate funding or tech-
nical support [45], [46]. One response to these difficulties has
been the Canadian-directed International research on Perma-
nent Authentic Records in Electronic Systems project involving
a multidisciplinary approach for developing the theoretical
knowledge and practical approaches necessary for progress in
this area [15]. Recently, an international “Alliance for Per-
manent Access” was initiated at the “Second International
Conference on Permanent Access to the Records of Science”
for the purpose of creating a European digital information
infrastructure that will develop preservation strategies guaran-
teeing open access, interoperability with other data sets, and
archival repositories [57].

Another more recent and agency-specific effort resulted in
a statement of principles for the management and preservation
of environmental® data emanating from the National Oceanic
Atmospheric Administration (NOAA). Again, under the aus-
pices of the National Academies, the principles defined include
“full and open access to data” for end users, which provides for
“discovery, access, and integration”; resources for end-to-end
data support; stewardship for metadata generation; and a formal
and ongoing planning process that includes broad community
input into the selection of data to archive [47].

Finally, the U.S. National Science Foundation (NSF) has
launched several programs through its Office of Cyberin-
frastructure “to facilitate the development of new applications,
to allow applications to interoperate across institutions and
disciplines, to ensure that data and software acquired at great
expense are preserved and easily available, and to empower
enhanced collaboration over distance, time, and disciplines”
[16]. For instance, the Sustainable Digital Data Preservation
and Access Network Partners program serves to develop new
types of organizations that will develop “new methods, man-
agement structures and technologies to manage the diversity,
size, and complexity of current and future data sets and data
streams” [48].

B. Academic Response

Simultaneous with these government-related efforts, there
has been a conversation, particularly among academic scien-
tists, librarians, and archivists, on strategies for the preservation
and dissemination of digital materials emanating from universi-
ties. In 2002, the Council on Library and Information Resources
and the Library of Congress issued a report documenting the

3Environmental data is defined to include all types of Earth System observa-
tions, including remotely sensed data.

potential cultural loss if the problem of preserving digital
media was not solved. The solution was tied to a combination
of technical, economic, and legal changes placed within the
context of innovative policy development [6]. At the same time,
the Scholarly Publishing and Academic Resources Coalition
published a report making the case for academic institutional
repositories to expand access to research data to gain greater
control over scholarly communication output. Ultimately, as the
number of universities involved in such initiatives increased,
the result would be revealed in a collection of interoperable
repositories containing a vast corpus of self-archived heteroge-
neous data that would facilitate interdisciplinary research and
discovery [7], [34]. In both cases, libraries would provide a
custodial role in managing and disseminating the intellectual
output of their institutions. To this end, in 2004, the Library
of Congress asked university research libraries to develop a
National Digital Information Infrastructure and Preservation
Program (NDIIPP) [51]. This program has focused attention on
the need for preservation standards and policies and has helped
develop tools and services for preservation in cooperation with
a network of partners.

The importance of preserving and providing access to data
sets has become a more visible topic of discussion, not just
within the university library community but throughout the
academia in the past several years. The need to build short,
medium, and long-term availability of research data into project
plans has been strongly recommended to ensure the ability
to verify research results, provide for longitudinal and inter-
disciplinary use of data, and to secure against physical decay
of data storage, loss of metadata for retrieving information,
and the potential inability to run outdated software [9], [16].
Responses to this need have varied, but there have been a
number of universities that have implemented data archiving
systems. Notably, the University of Michigan provides a “best
practices” fact sheet for producing preservable data sets as
part of their library-based “Deep Blue” institutional repository
[59], and the University of California Irvine’s Department
of Information and Computer Science offers the “Knowledge
Discovery in Databases Archive” developed through an NSF
grant as a permanent repository of publicly accessible data sets
for research [24]. This past year, Cornell University’s Mann
Library received a three-year NSF grant to create a set of
services and tools to make it easier to share digital scientific
data among academic and government repositories [5].

Supported by the Library of Congress, the National In-
stitutes of Aging, and NSF, Harvard University has initiated
the “Dataverse Network” as an infrastructure for hosting and
preserving data presented in scientific publications. The Net-
work software is freely available and gives authors and data
producers a reliable repository for their data along with a rich
metadata capability that allows for more complex statistical
analyses [32]. Specific to the issue of geospatial data is the
North Carolina Geospatial Data Archiving Project, which is a
joint project of the North Carolina State University Libraries
and the North Carolina Center for Geographic Information
and Analysis. Recently funded by the Library of Congress’
NDIIPP program, the project focuses on the “collection and
preservation of digital geospatial data resources from state and
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Fig. 1.

(d) (Center panel) Location of WGEW and SRER with respect to Tucson, AZ, the U.S.—Mexico border, and the footprints of two Landsat scenes. In

addition to the (WRS2 path 36/row 38) 42 Landsat scenes covering SRER and (path 35/row 38) 85 scenes covering WGEW, ARIA contains imagery with high
temporal resolution (MODIS and AVHRR; not pictured). (a) High spatial resolution (DOQQ). (b) High spectral resolution (AVIRIS). (c) MTI. (e) ERS-SAR.

(f) DEM:s. (g) Topographic maps (DRGs).

local government agencies” ([43], p. 1) with an emphasis on
workflow and archival processes.

It is worth noting that there has been some effort to combine
government and academic responses to the need for data
preservation and access. For instance, the newly established
EcoTrends project (http://www.ecotrends.info/EcoTrends/
index.jsp) involves multiple agencies and institutions to make
long-term ecological data available for cross-site data explo-
ration and analysis [17]. An international initiative is underway
to improve compatibility, quantify the accuracy of land cover
data sets, and develop a common land cover language to inter-
pret map legends [26]. At the same time, a recent announcement
from Google disclosed plans for a new initiative to provide a
massive storage facility for scientific data sets that will be freely
available to scientists and other users alike. Included in this
initiative will be Hubble Space Telescope data [35]. However,
in spite of the increasing visibility and opportunities for long-
term preservation and access to research data, currently, it
remains largely up to individual scientists, local agencies, acad-
emic units, and libraries/archives to implement the archival and
distribution technologies, guidelines, and policies.

III. LOCATION

The case studies are set in southeastern Arizona, encom-
passing the Chihuahuan and Sonoran Deserts surrounding
Tucson, Arizona. Southeast Arizona is characterized by mild
to cold winters, rainfall 50%-80% in summer (mid-June to
mid-September), and prevailing vegetation of low shrubs and
grasslands. The area is covered by a single MODIS scene and
by multiple Landsat scenes (Fig. 1). To preserve these remote
sensing resources along with a variety of other digital image
and map data, the ARIA was created as an interdisciplinary
resource. Within this region, there are two important experi-
mental sites—WGEW and SRER—administered by the USDA
and UA, respectively.

The 21 500-ha SRER is located 60 km south of Tucson, AZ.
SRER was founded in 1902 and administered by the United
States Forest Service until 1987 when those responsibilities
were assumed by the UA College of Agriculture and Life
Sciences (CALS). The elevation ranges from 900 to 1300 m,
and the average annual precipitation ranges from 270 to
450 mm along that gradient. The mean annual temperature is
approximately 16 °C, with freezing temperatures occurring 20
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to 40 nights in the winter, and summer daytime temperatures
regularly exceeding 35 °C. It is a semiarid shrub savanna, with
stands of grass punctuated by a diversity of shrubs such as
mesquite, creosotebush, cacti, and other species [36]. Long-
term measurements and repeat photograph collections have
been collected in a systematical manner on the SRER since its
establishment.

The 15000-ha WGEW is located at the transition between
the Sonoran and Chihuahuan deserts near the town of Tomb-
stone, AZ. WGEW is administered by the USDA Agricultural
Research Service (ARS) Southwest Watershed Research Center
(SWRC). WGEW elevation ranges from 1220 to 1950 m, with
desert shrubs dominating the lower two-thirds of the watershed
and desert grasses dominating the upper one-third. The climate
at WGEW is classified as semiarid, with mean annual temper-
ature at Tombstone of 17.7 °C and mean annual precipitation
of 312 mm. Hydrological data, including rainfall and runoff,
have been collected on experimental watersheds operated by
the ARS in southern Arizona since the 1950s [53]. Precipitation
is measured with a network of 88 weighing-type recording
rain gauges arranged in a grid throughout the watershed [23].
Hydrometeorological and soil erosion/sedimentation data are
collected from over 125 instrumented installations on WGEW
[30], [58]. On a daily basis, all locations are automatically and
sequentially queried, and data are transmitted to a dedicated
computer at the Tombstone field office. In addition to the
long-term high-quality hydrological data collection, hundreds
of satellite and aircraft spectral images of WGEW have been
acquired [39], and extensive GIS databases are available [25].

IV. CASE STUDIES

Case studies are used here to provide specific examples of
how long-term research data sets have been managed in both the
government and academic communities. The studies include
the following:

1) ARIA maintained by the CALS Arizona Remote Sensing
Center (ARSC) and the UA Committee on Remote Sens-
ing and Spatial Analysis (CRSSA);

2) SRER Digital Database (SRER DD) maintained by the
UA/CALS;

3) SWRC Data Access Project (DAP) and WGEW Image
and Ground Data Archive (WIGDA) maintained by the
USDA-ARS SWRC.

A. ARIA

ARIA is an interdisciplinary resource system and online
clearinghouse for digital image and map data for the Sono-
ran Desert region, including the U.S. Southwest and northern
Mexico (http://aria.arizona.edu). The focus on regional infor-
mation provides a direct and tangible link between research and
instructional programs in the earth science disciplines, particu-
larly as they relate to climate variability and land cover change.
ARIA was created out of a three-year NASA Center of Excel-
lence Grant in 1997. UA Professor Robert Schowengerdt, along
with Coprincipal Investigators from the UA CRSSA, devel-
oped ARIA with an initial budget of approximately $370 000.
Originally designed to facilitate local sharing of data and avoid

the cost of making duplicate acquisitions of satellite images,
aerial photography, digital elevation models (DEMs), and map
data, ARIA has grown to serve over 2.0 TB of data online. Over
14000 users have downloaded over 500 000 scenes from ARIA
since 1998 and currently download approximately 50 scenes
per day.

Although over 90% of the downloads are from the users in
the U.S., primarily from Arizona and the southwestern states,
there are also registered users from 55 countries. These users
come from a wide range of backgrounds, including education
(33%), federal government (16%), commercial (14%), and
state and local governments (13%), as well as nonprofits (1%)
and tribal governments (1%). There are over 125 registered
educational users. Users from the UA account for 20% of
the downloads, Arizona State University 14%, and Northern
Arizona University 13%.

ARIA contains over 1400 Landsat multispectral
scanner/thematic mapper/enhanced thematic mapper plus
(MSS/TM/ETM+) scenes from 152 WRS2 tiles and includes
42 and 85 scenes that cover the SRER and WGEW, respectively.
Satellite imagery comprises 33% of the ARIA data holdings.
There are also over 6500 digital orthophoto quarter quadrangles
(DOQQs) from 1992, 1996, and 2005 and other aerial
photography representing 55% of the archive, as well as
digital raster graphic (DRG) maps (2%) and DEMs (2%).
A variety of other image and map data including NASA
airborne visible/infrared imaging spectrometer (AVIRIS),
NOAA advanced very high resolution radiometer (AVHRR),
NASA-MODIS, NASA-ASTER, DOD multiband thermal
imagery (MTI), European Remote Sensing synthetic aperture
radar (ERS-SAR), NASA spaceborne imaging radar-C, and
SPOT-HRV data comprise the remainder of the archive (see
examples in Fig. 1). The selection of data for inclusion in
the archive was originally based upon what data sets were
available among the researchers at the UA and local, state, and
federal organizations in the area. After that initial data mining,
additional data sets were acquired opportunistically based
upon the availability of data and an assessment of need. In
particular, newly available high spatial resolution (1-m) aerial
photographs (DOQQs) were added to the database because of
a high demand.

Most recently, data for the WGEW were updated, and over
100 Landsat MSS, TM, and ETM+ images and dozens of mi-
crowave images were added to ARIA. For ARIA, commercial
providers SPOT Image, Space Imaging/EOSAT, and Eurimage
agreed to waive the restrictions associated with their license
agreements to allow the images to be shared under a reasonable
set of conditions defined by each company [41].

ARIA has become an attractive resource for acquiring re-
motely sensed imagery and GIS layers for research (e.g., [44]
and [56]). Researchers have utilized ARIA data sources to pub-
lish peer-reviewed journal articles based on AVHRR [29], [61],
Landsat [1], [10]-[13], [20]-[22], [27]), DOQQs [49], [60], and
DEMs ([14]). This list includes articles in which ARIA was
acknowledged; the full list is likely much larger. The original
ARIA metadata schema was created in 1997 to accommodate
application requirements (e.g., searching, previewing images,
and download) and user requirements (e.g., processing history,
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Fig. 2. Architectural diagrams of the ARIA and interconnections with
WIGDA and imagery from SRER.

spatial reference, and data organization) based on the Federal
Geospatial Data Committee’s (FGDC) Content Standard for
Digital Geospatial Metadata (CSDGM), which was still being
developed at the time of ARIA’s conception [18]. The CSDGM
did not specify an output format; therefore, the application was
developed to output metadata in an HTML table. Since the
publication of the CSDGM, the ISO has published an abstract
standard, which is the ISO-19115:2003 for describing metadata
for geospatial metadata, and an implementation standard, which
is the ISO/TS 19139:2007 which describes the formatting of
the metadata in XML [19]. This standard will supersede the
FGDC'’s standard, but the FGDC has released a tool for trans-
lating the FGDC-STD-001-1998 into ISO 19139, which the
American National Standards Institute will adopt as the official
metadata standard for geographic data. ARIA developers intend
to add functionality to support the ISO 19139 standard by the
end of 2008.

At this time, the preservation of the data for long-term access
is only provided by copying from the original source onto CD,
digital versatile disk (DVD), and ultimately onto redundant
array of inexpensive disk (RAID) data storage devices. The
metadata for each image and map are created before images
are made available online. Metadata includes the ten top level
entities, as prescribed by the CSDGM: identification, data
quality, spatial data organization, spatial reference, entity and
attribute information, distribution information, metadata refer-
ence, citation, time period, and contact information, although
the format does not pass CSDGM requirements. Browse images
at low, medium, and high resolution are also created and are
available for viewing prior to downloading.

The ARIA system comprises hardware, e.g., servers and
data storage devices, and software, e.g., web application and
metadata database (Fig. 2). Since its 1997 inception, every com-
ponent has been replaced at least once due to additional data
requirements, hardware failure, or newly available software,
including tools for development. Additional storage was pur-
chased in 2002 and 2007. A new server solution was purchased
in 2007 to replace the original server, which is a Sun E-450,
which encountered unrecoverable hardware failure in summer
of 2007 and was replaced temporarily by an underpowered
workstation. The occasional additions to ARIA of capacity or

hardware, all of which occurred after the original funding was
completed, reflect the goodwill of UA researchers, departments,
the Institute for the Study of Planet Earth (ISPE), and the Vice
President for Research. In addition to hardware upgrades, the
software ARIA runs on has been upgraded numerous times to
keep up with currently supported web servers, servlet engines,
and relational database management systems (RDBMSs).

The original hardware configuration included two 600-disk
CD/DVD jukeboxes, each of which contained at most four
readers. Data were stored on CD or DVD and accessed through
a web application as near-line storage. When a user requested
a specific data granule, the corresponding CD or DVD was
mounted, and data were streamed to the user over the web
after an 8-s delay to ensure proper mounting of the optical
media. In 2002, the two jukeboxes were replaced by a small
computer storage interface integrated drive electronics RAID
with 3-TB capacity, and an additional 5-TB capacity was added
in 2008. The original server (a Sun Enterprise E450) lasted ten
years before hardware failure necessitated its replacement. An
interim solution had ARIA running on a workstation until new
hardware could be purchased and ARIA deployed on it. The
new solution includes separate servers for the web application
and database, each with a quad-core Xeon processor.

The web application was written as a set of Java servlets
(version 1.1) which ran under Jrun 2.2 and Netscape Enterprise
Webserver. In 2002, ARIA was migrated to Apache webserver
2.0 and Apache Tomcat 5.0.28 servlet engine running Java 1.4,
and the entire application refactored to run as a Struts appli-
cation. In 2008, ARIA was deployed on a new server running
Java 1.6 and Tomcat 6.0.14, which uses servlet version 1.5.
The web application uses a metadata database to allow users
to search the archive and download data. Specifically, it links
the physical location of the data to information about the scene
itself. The original metadata database ran on Interbase 1.5
RDBMS. In 2002, the database was migrated to Oracle 9.1
and, in 2004, to MySQL 5. These migrations reflect gradual in-
creasing maintenance costs of legacy systems. Updating ARTA
software and refactoring the code have raised the baseline for
legacy maintenance and will benefit current and future system
managers as they deal with an online resource with more than
ten years of history.

The process of adding new data to ARIA has not drastically
changed over time. New scenes must be accompanied by a
CSDGM-compliant metadata record that fully describes the
granule and a set of browse images of small, medium, and
large sizes. The metadata include information about their spatial
extent and resolution, the nature of the data (e.g., satellite
imagery, maps, DEMs, and aerial photos have quite different
metadata requirements), the source of the data, current owner,
usage constraints, and metadata author. While some data were
acquired with a full and detailed metadata record, most did not.
The variety of data formats, which are metadata formats, has
required a diverse set of tools to be used for deriving metadata
for what is an involved process of metadata authorship. In many
cases, metadata must be acquired externally, for example, to
determine the acquisition date of DOQQs, the sun angle of a
satellite image, or to identify a projection or datum given a nu-
meric code. In other cases, metadata must be extracted through
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a variety of means from proprietary software (e.g., identifying
the spatial reference information including projection datum
and minimum bounding rectangle). The specific software used
varied, depending on the data format and experience of the
authors. Over the years, 15 undergraduate and graduate stu-
dents, as well as ARSC staff, have entered metadata records and
created browse images for ARIA. Image processing software
used to derive spatial reference and data organization informa-
tion includes Leica Geosystems Erdas Imagine, Environmen-
tal Systems Research Institute (ESRI) ArcGIS, Environment
for Visualizing Images, and Photoshop. Perl, Java, and AML
scripts have been developed to facilitate entry for common data
and to ingest metadata of different formats.

After the initial development of ARIA, and when both NASA
and UA matching funding came to an end, the oversight of
ARIA shifted to the UA CRSSA. Direct maintenance be-
came the responsibility of ARSC, and ARIA has remained
in existence as a result of both financial contributions from
UA remote sensing groups (~$75000) and the contribution
of personnel time by ARSC (~0.25 Full-Time Equivalent
Employee System Management). This operating status has
allowed ongoing access to ARIA but has been an impediment
to real growth because of the lack of dedicated personnel and
funds to plan for greater sustainability and growth in the data
archive and enhancement of the user interface. A cost-benefit
analysis conducted in 2005 indicated that ARIA could begin
charging nominal amounts for some of the data sets, and it
becomes “profitable” after approximately two years. However,
the required initial investment of approximately $50000 to
implement these capabilities has not been found. Nevertheless,
internal commitments to ARIA remain strong, and it will con-
tinue to be an important resource for the foreseeable future.

B. SRER DD

The SRER DD is an online accessible collection of ge-
ographically explicit long-term vegetation and precipitation
measurements, and repeat photography images spanning over
100 years (http://cals.arizona.edu/srer). In addition, spatially
explicit ancillary data for soils, elevation, and infrastructure are
made available to assist in the analysis of the primary data.
Regular updates are made to the primary and ancillary data sets.

The digital archive of the primary vegetation, precipitation,
and repeat photography data was created by manual entry from
paper data sheets and scanning original photographic prints.
Prior to digitization, the paper archive was stored in cardboard
boxes in the wooden office building at the SRER headquarters.
Initially, the UA Library Special Collections was approached
to archive this material, but that option was rejected because
access to potential users would have been severely limited and
cataloging would have taken many years. The final decision
to create a digital archive was inspired and hastened by a
wildfire that threatened the collection in 1994. At that point, the
collection was hurriedly rescued from its remote and vulnerable
location and brought to the UA campus, and plans began
developing to digitize the collection and make it available on
the Internet so that broader access would fulfill the promise and
potential of the publicly funded research.

Fig.3. Images from location 42.03 in the repeat photography collection SRER
DD archive. The scenes show the history of a 5-ha experimental thinning and
removal of mesquite (Prosopis velutina) performed in 1945. (Top left) In June
1936, mesquite cover was continuous at the base of the distant Santa Rita
Mountains; (top right) the sharp corners of the mesquite removal are obvious
in the midground in June 1956. (Bottom left) By January 1986, mesquite
abundance had increased in the 5-ha experimental area, and ocotillo (Fouqueria
splendens) became established in the foreground; (bottom right) by April 2007,
mesquite cover had fully recovered from the removal experiment performed
60 years earlier.

The continuity and length of record were the primary criteria
used to prioritize the archiving of greater than 100 different data
sets in the entire paper archive. Those data sets with recent
measurements and a long history of repeated measurements
were the highest priority for creating the digital archive [36].
These data sets include four long-term (as early as 1956) studies
recording vegetation measurements in response to livestock and
mesquite removal practices. Every three years, repeated mea-
surements are made at these 130 locations and are updated to
the Web site. Data from the monthly precipitation measurement
at 24 rain gauges (13 of which began in 1922) were archived,
and new measurements are regularly updated. Images and
associated text from 110 repeat photography locations (many
started in 1902) were also included, and they are updated on a
regular basis (Fig. 3). Finally, an annotated bibliography [37] of
over 450 references by more than 200 authors was archived as
hyperlinked text, and updates are maintained for currency.

In the near future, additional historical information including
study plans, data, maps (.pdf format), and photographs (.tiff)
will be digitally archived for 80 research locations that were
active from 1903 to 1940. They will be searchable by keyword,
and organized and presented in linkable tables and maps.

The supporting spatial database information, such as digi-
tal elevation, topography, soils, roads, fences, and water de-
velopments, was archived to assist with the analyses of the
vegetation, precipitation, and repeat photography data sets.
In addition, the Universal Transverse Mercator (UTM) coordi-
nates of all vegetation measurement locations, rain gauges, and
repeat photography locations are included in the archive.

Vegetation abundance measurements include plant density,
cover, and biomass measured at permanent transect locations.
These data are provided in spreadsheet format (.xls), and as-
sociated study plan descriptions and metadata are available as
text format (.txt). Monthly precipitation measurements are also
provided in spreadsheet format (.xls), and associated location
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histories and metadata are given as text format (.txt). Repeat
photography images (.tiff) and associated text (.txt) are search-
able by keyword, can be accessed from a table, or through
links on a map of the SRER. All UTM coordinates for these
measurement locations are presented in text format (.txt). The
annotated bibliography is hyperlinked text, and updates are .pdf
files. Supporting spatial data sets are available as ArcInfo export
format (.e00) and the associated metadata in text (.txt) format.
Metadata for the vegetation abundance include the descriptions
of data source, history, measurement units, missing values, and
attribute definitions and value descriptions in file rows and
columns. Metadata for the spatial coverages include the date
of file construction, characteristics of the projection, data type,
description of content, file format, file size, history of file devel-
opment and sources of data, and attribute definitions and value
descriptions in file rows and columns. Currently, the metadata
do not meet any quality standards, but the spatial coverage
metadata are being updated to meet the FGDC standards.

The data are stored on the CALS servers (http://cals.
arizona.edu/srer). The Director for Research at SRER maintains
the site with assistance from the CALS Network Laboratory, but
there is no budget dedicated for archive maintenance.

Approximately $260 000 has been spent developing, updat-
ing, and maintaining the digital archive. Conversion to digital
files, including data entry into spreadsheet and text files, was
supported by $60 000 from the UA Vice President for Research
in 1994. Repeat photography scanning was donated by the
USDA-ARS Jornada Experimental Range in 1996. The USDA
Forest Service Rocky Mountain Research Station has provided
~$16 000 annually since 1995 to develop digital content, re-
measure vegetation transects (every three years), and rephotog-
raphy at photo stations (twice since 1995). The original Web
site design was provided without charge by the UA Office of
Arid Lands Studies in 1996.

Future funding is uncertain because resources from USDA
Forest Service Rocky Mountain Research Station are based
on the competitive reviews and availability of funding. Nev-
ertheless, returns on these funds include a revitalization of
ongoing research and the recent selection as a Core Site for the
Southwest Desert Domain in the emerging National Ecological
Observatory Network. Prior to 1994, there were less than ten
ongoing research projects and very little recognition of research
opportunities beyond the local community. Since 2000, there
has been, on average, 35 ongoing projects, with about a six-
to-eight project turnover annually, and over 100 peer-reviewed
publications from works performed on the SRER and/or using
the digital archive. Scientists from other states and countries
now use the SRER as well. The data are also made available
through the Knowledge Network for Biocomplexity, which is
a clearinghouse of “ecological data from a highly distributed
network of field stations, laboratories, research sites, and indi-
vidual researchers” (http://knb.ecoinformatics.org).

C. SWRC DAP and WIGDA

The SWRC DAP is an electronic data processing system that
includes an online interface (http://tucson.ars.ag.gov/dap) to
provide public access to the data collected at WGEW and SRER

by SWRC [42]. The DAP project currently supports access
to long-term measurements of precipitation, runoff, sediment,
meteorological conditions, soil moisture and temperature, veg-
etation, CO,, flux, and evapotranspiration [38].

The SWRC DAP was initiated in 2000 by a team of SWRC
scientists, information technology (IT) specialists, hydrological
technicians, and instrumentation specialists, with the goal to
“make high-quality data available to users for scientific re-
search.” The DAP team identified over 20 SWRC data sets
that had potential for archiving and distribution but quickly
came to agreement that rainfall and runoff, sediment, and me-
teorological data had the highest priority. This was based on a
formal assessment of several criteria including relevance to the
SWRC mission, length of continuous data record, potential for
future measurements, data quality, percentage of data already
in digital format, and status of accessibility. Of these three
data sets, the rainfall and runoff data set was selected for DAP
with the simple achievable goal to have all WGEW and SRER
rainfall and runoff data archived in digital format and accessible
online by October 2003—the fiftieth anniversary of WGEW
and the one hundredth anniversary of SRER.

A significant effort of SWRC scientists and IT specialists
over 1.5 years went into designing the overall data table struc-
ture and logic, including table definitions and relationships.
During this stage, decisions were made about data processing
consistency (i.e., historic data would not be reprocessed and
only gross errors would be corrected), quality checking (i.e.,
it would be largely automated, requiring minimal human at-
tention), metadata format to be followed (i.e., data descriptions
would be published in a peer-reviewed journal), etc. A more in-
tensive effort over 2.5 years was invested in the implementation
of the DAP plan. During this stage, the DAP team of scien-
tists, technicians, IT specialists, and management met weekly
to allow work (e.g., database design, data archive, and data
quality checking) to be done in parallel with coordination and
communication. DAP became an integral part of unit decisions
about hiring and supervision, and garnered a realistic budget.
The project was completed nearly on schedule, in May 2004.
At that point, a DAP follow-on plan was initiated to add six new
databases, including GIS data and measurements of sediment,
soil moisture, meteorological data, energy flux, and vegetation,
with a set deadline of September 2007. For this DAP follow-on
project, some temporary staffs were added, and the project was
completed by January 2008. The total investment in DAP to put
eight data sets up on the web with metadata published in a peer-
reviewed journal [38] was $690 800 (Table I; publication costs
not included). DAP maintenance requires some leadership, IT
upgrades, limited data quality checking, and maintenance of
data loggers and instrumentation at a cost estimated to be
$20 000/year.

The DAP webserver is a Dell Server running MS Windows
Server 2000 operating system that is located outside of the
internal SWRC network. The interactive web interface for the
DAP was developed using Visual Basic Script and MS Active
Server Pages. MS Active Server Pages is the webserver script-
ing environment that is a part of the MS Internet Information
Services webserver software that is included with MS Windows
Server products. The graphical access to the data was developed
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TABLE 1
BREAKDOWN OF INVESTMENT IN SWRC DAP AND WIGDA
Task Task SWRC Team | Temporary | Task Cost | Task Product
Duration Staff
DAP Planning 1.5 years 3 Scientists, 1 $92,000 1) DAP 3-year plan
Support 2) DAP database and interface design
Scientist
DAP 2.5 years 3 Scientists, 2 $324,800 1) DAP completed
Implementation Support 2) 50 years of rainfall and runoff
Scientists, 2 available on web
IT Specialists,
1 Technician
DAP Follow- 3.5 years 1 Scientists, 1 | 11T $274,000 1) Map interface added to DAP
on Support Specialist, 3 2) Six new datasets added to DAP —
Scientist, 2 students sediment, soil moisture, met data,
Technicians, GIS, energy flux and vegetation
11T
Specialist
DAP Ongoing, 1 Scientist, 1 $20,000 1) Updates to data and system
Maintenance starting in IT Specialist, per year technology
2008 1 Technician
WIGDA 1.0 year 1 Scientist, 1 11T $111,100 1) a relational database of image and
Implementation Technician Specialist ground measurement metadata
WIGDA Ongoing, 1 Technician $1,000 per | 1) up-to-date metadata on SWRC
Maintenance starting in year geospatial data holdings
2008
using ESRI ArcIMS. DAP data are processed into a Microsoft 120 @) p—
Structured Query Language (SQL) Server and stored on a file £
server with RAID redundancy (a detailed architectural diagram g ® ————
of DAP is given by Nichols and Anson [42]). The files that & W30y avg
make up the SQL Server database are made public and backed 8 0
up to the main file server nightly. Symantec Backup Exec = % EI:I_,_—EIE
. O 0
software is used to perform daily incremental backups of the J F M A M J 4 A S o N D
main file server onto tape (LTO-3). Each month, the entire Month
database is written to a set of tapes and rotated to an offsite 120
. ~ . |(b) WGEW
location. E 100 |
The publicly accessible part of SWRC DAP consists of an g 8 2007
interactive Web site, which provides an interface to the data  § W30 yravg
and metadata, and a relational database to process, store, and § 40
manage data. The graphical interface integrates high resolution ~ = 20 m
0

orthophotos, Landsat satellite images, and GIS data layers
containing watershed boundaries, channel networks, and point
locations of flumes and rain gauges. After the user selects
instrumented sites through the graphical display, the site pa-
rameters are used to populate the standard form, and data
are displayed in response to submission (Fig. 4). The DAP
system was released to the public in October 2003, and since
that time, the online data access Web site has received nearly
5000 visitors.

Coincident with DAP was the SWRC development of the
WIGDA. WIGDA is an archive of metadata that can be used to
locate comprehensive sets of image and ground data files asso-
ciated with remote sensing field campaigns at WGEW and the
surrounding San Pedro River Basin over the past 20 years.
The metadata schema established in 1997 was patterned after
the ARIA metadata schema for searching and locating images
matching user-specified requirements, as described earlier in
the ARIA section. WIGDA includes metadata for hundreds of
spectral images from a variety of satellite- and aircraft-based
sensors (the “images”) associated with high-quality ground-
based measurements of soil, plant, and atmospheric conditions
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Fig. 4. Examples of data available through SWRC DAP. Average monthly
precipitation data compiled for multiple rain gauges in (a) SRER and
(b) WGEW, for the 30-year time period encompassing most ARIA image
acquisitions and the most recent year 2007, and (c) the volumetric soil moisture
to a depth of approximately 15 cm, measured daily in WGEW in 2007 at
shrub- and grass-dominated sites, illustrating the spatial variability induced by
localized storms across the watershed.

(the “ground data”). Users can select a particular image file and
see metadata for all related ground data files (and vice versa) to
locate data sets that meet specific research needs.
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This database of metadata was published under the name
“WIGDA 1999” or WIGDA99 [41]) and later replaced with
WIGDAO6 [39]. The WIGDAO6 interface is programmed in
Visual Basic.Net for Microsoft. NET Framework 2.0 and avail-
able for download from the DAP Web site at http://www.
tucson.ars.ag.gov/dap/. The total investment in WIGDAOG6 (and
its predecessor WIGDA99) was estimated at $111 100, i.e.,
the salary of a high-level technician for one year and an
experienced programmer for one half year. The annual main-
tenance is only the addition of metadata for new images and
ground-based data collection, at a cost of about $1000/year
(Table I).

Interconnectivity with other data distribution systems was
key to DAP success. For example, the WIGDAQG6 database
provided the metadata link between images and image-related
ground data but did not have the capacity for interactive
image downloading. To resolve this, the images identified
by WIGDAO6 were made available from ARIA, and the
WIGDAO6 database was revised to include a column identi-
fying those images available for download from ARIA. Then,
the SWRC Web site was linked to the ARIA Web site to allow
easy distribution of the selected images, and the ARIA Web site
was revised to allow the WIGDAQ6 database to be downloaded
directly from ARIA.

Rather than support redundant data holdings, the DAP Web
site provides the GIS layers associated with ARIA spectral
images, and conversely, the ARIA Web site provides the DEM
and DOQQ images associated with SRER and WGEW long-
term measurements. The long-term data archived and distrib-
uted by SRER DD and SWRC DAP offer the opportunity
for quantitative analysis of ARIA images (e.g., [28]). Links
between ARIA, SRER, and WGEW Web sites facilitate data
distribution for scientists unfamiliar with the area.

The immediate return on DAP and WIGDA investment has
been substantial. As a direct result of DAP, SWRC was able
to compare measurements from a redundant set of digital and
analog rain gauges [31] and determine that the measurement of
rainfall with analog rain gauges could be discontinued, resulting
in a total savings to the unit of over $100000/year. Thus,
based only on this tangible savings, the cost of DAP would
be recuperated in only seven years. Another direct result of
DAP was a striking increase in SWRC productivity; in 2008,
18 manuscripts authored by SWRC scientists will be published
in a Special Section of the journal Water Resources Research
dedicated to WGEW long-term data and the DAP Web site.
Upon completion of WIGDA99, a proposal was funded by
NASA to use the images and ground-based data organized
in WIGDA99 and available in ARIA for “EO-1 and Landsat
intersatellite comparison at two established Arizona field sites”
[4]. Thus, a unit investment of $111100 was recognized by a
funding agency to be worth a soft-money investment of over
$300 000 for research.

The DAP was designed for sustainability through the fore-
seeable future. That is, the data updating scheme is largely au-
tomated and can be accomplished with a small time investment
from permanent staff. It is envisioned that permanent staff will
continue to upgrade media, hardware, and software as tech-
nology improves with time. The DAP Web site was added to

the American Geophysical Union-approved data sites based on
the following criteria: “1) access to data should be unrestricted
and at reasonable or no cost and 2) the data centers should be
committed to the permanent maintenance of data sets within
their mandate” (http://www.agu.org/pubs/datacent.html).

V. DISCUSSION

The approaches of government and academic units in
southeastern Arizona for archiving and distributing long-term
geospatial data had several elements in common. First, all
recognized the importance of providing digital archives with
user-friendly interfaces for the various data sets. In addition,
they were based on clear and realistic goals with contingencies
for scaling back or ramping up, depending on budget and
interest. Each effort began with a strong advocate(s), which at-
tracted inter- and intraunit support for the project and provided
coordination and leadership. Data archiving and distribution
were an interdisciplinary effort involving knowledge of science,
instrumentation, research, IT, history, and personnel. Permanent
staff held the decision-making responsibility, and temporary
hires were used for well-defined tasks.

However, there was a distinction between approaches by
government and academic units to data archiving and distrib-
ution, defined by inherent institutional differences. Efforts by
the academic units were initiated by short-term “seed” money
that was not premised on plans for long-term sustainability.
Conversely, efforts by the government unit were funded by
diverting existing unit funds to the effort, with a plan to sustain
the system with permanent staff dedicated to the unit mission.
This is an important distinction that helps explain the basic
difficulty and inaction in long-term geospatial data preservation
in both government and academic units. The government unit
had trouble initiating the project but had the capacity to sustain
it indefinitely; the academic units had means to initiate projects
but the prospects for long-term sustainability and upgrade of the
systems were precarious. Despite the differences in approaches
for long-term data archiving and distribution, the results were
the same for government and academic units. Robust systems
were developed for distributing diverse long-term geospatial
data with good prospects for long-term sustainability. On the
other hand, these localized efforts resulted in a general lack of
attention to standardizing preservation metadata formats such
as the OAIS model.

Approaches to sustaining these systems differed between
government and academic units. At the government unit, sus-
taining and upgrading the system are a unit-wide effort sup-
ported with unit funds; at the academic units, sustainability
is an interunit effort based on ongoing solicitation of support
from local federal units, other academic units, and users. In
both cases, sustainability relies upon a widespread recognition
that continued access to the long-term data is valuable. Each
of the example cases had quantifiable impact on publications,
budget savings, outside recognition, student research, registered
users, data downloads, and new research. The value is also
determined by the potential for data collection, archiving, and
distribution to be continued, leading to the positive feedback of
sustainability feeding sustainability. That is, the longer a data
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archiving and distribution system has been in place, the more
interest and investment it attracts to sustain it. High impact also
serves to attract more advocates, which can increase the chances
of long-term sustainability despite changes in personnel and
technology. Nevertheless, sustainability in the academic setting
remains problematic when university budgets and discretionary
funds are being cut at the same time that federal and state
research funding levels fall. Such is the case now in Ari-
zona, adding increased uncertainty about the future of these
resources.

At the same time, success in long-term data archiving and
distribution does not guarantee the interconnection of the
geospatial data. Interconnection is the process of linking the
data distribution systems across platforms to allow the search
and retrieval of interdisciplinary data sets for new research that
would not be possible with one data set alone. Many approaches
for interconnection were explored in the case studies given
here. For example, the Web sites for ARIA, SRER DD, and
WGEW DAP have Web site links, one to another, which
required only a 1-h effort by each webmaster. This allows
users to access the SRER and WGEW GIS layers that are
associated with ARIA image holdings and the ARIA DOQQ
images that can be used to interpret SRER and WGEW tabular
measurements. The satellite images acquired and archived by
SWRC are distributed by ARIA based on an agreement that
SWRC would fund a technician to upload SWRC images to
ARIA. This combined the ongoing acquisition and archiving
of images by SWRC and the existing ARIA image distribution
system to leverage the strength of both. At a greater investment
(Table I), the WIGDA relational database was developed to
link image and ground metadata to allow the compilation of
interdisciplinary data sets that meet specific research needs.
Interconnection was also achieved at little cost by submitting
subsets of long-term data archived by the local units to national
repositories of publicly accessible data sets. For example, the
SRER and WGEW databases of hydrological and ecological
measurements are available through the previously mentioned
EcoTrends project (http://www.ecotrends.info), which offers
access to a large collection of long-term geospatial data from
dozens of sites across the U.S. The advantage of repositories
like EcoTrends is that long-term data from a multitude of sites
can be downloaded in a uniform format, ready for analysis, with
the same units, and temporal frequency.

The interconnection of the ARIA, SRER DD, and SWRC
DAP data distribution systems has already produced results. A
ten-year record of NASA Landsat images accessible through
ARIA was combined with long-term meteorological and en-
ergy flux measurements available from SWRC DAP to map
the spatial and temporal distribution of net daily CO, flux at
WGEW [62]. NASA Landsat images (1989, 1994, and 2005)
from ARIA were combined with DEM data from SRER DD to
support an assessment of errors associated with the estimates
of carbon mass woody plants on the SRER following wildfires
[28]. In addition, the 50-year record of precipitation at SRER
and WGEW was downloaded from the EcoTrends project,
along with similar records from 11 other sites, to explore the
variability in mean annual precipitation across the contermi-
nous U.S. [40].

VI. CONCLUSION

The results from these three cases demonstrate that the
challenges of digitizing, archiving, connecting, and providing
access to geospatial data can be successfully met at the local
level, although some challenges remain. With the concerted and
combined efforts of many advocates, the problems of and op-
portunities for making these data sets available for current and
future generations of researchers and students were recognized
and at least partially addressed. Although it is clear that there
are advantages for government agencies in the long term, as
more stable budgets can be leveraged for archival activities, the
growing understanding of the issue in the academic community,
particularly among libraries and research centers, along with
technical advances for creating greater interoperability and
new consortial responses for data storage, bode well for more
support and options in the coming years. However, to ensure
this progress, there must be continued policy development at
the national level and a determination from agencies funding
scientific research that costs for data archiving and access are
included in their programs.
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